In a radial distribution network integrated with distributed generation (DG), frequency and voltage instability could occur due to grid disconnection, which would result in an islanded network. This paper proposes an optimal load shedding scheme to balance the electricity demand and the generated power of DGs. The integration of the Firefly Algorithm and Particle Swarm Optimization (FAPSO) is proposed for the application of the planned load shedding and under frequency load shedding (UFLS) scheme. In planning mode, the hybrid optimization maximizes the amount of load remaining and improves the voltage profile of load buses within allowable limits. Moreover, the hybrid optimization can be used in UFLS scheme to identify the optimal combination of loads that need to be shed from a network in operation mode. In order to assess the capabilities of the hybrid optimization, the IEEE 33-bus radial distribution system and part of the Malaysian distribution network with different types of DGs were used. The response of the proposed optimization method in planning and operation were compared with other optimization techniques. The simulation results confirmed the effectiveness of the proposed hybrid optimization in planning mode and demonstrated that the proposed UFLS scheme is quick enough to restore the system frequency without overshooting in less execution time.
generator swing equation in order to estimate a power deficit [23] [24] [25] . In adaptive UFLS scheme, the amount of imbalance power is taken into consideration in order to determine the amount of curtailed loads. In addition, the load selection of load shedding process depends on a specific priority ranking of loads. The adaptive UFLS has been improved by utilizing the spinning reserve in the generators to minimize the total load shedding in [24] . In references [26, 27] , the adaptive UFLS technique proposed for islanding distribution network curtailed lower loads relative to its conventional counterpart. However, this technique reported a flaw taking place in the amount of load shed when the unoptimal amount of load that was curtailed resulted in an overshooting frequency. Recently, researchers started using artificial intelligence methods for load shedding techniques. The authors in [28] proposed a new fuzzy UFLS scheme for an islanded microgrid. This scheme demonstrated dynamics and robustness in regulating frequencies in multiple cases. However, the system's frequency still overshoots. Other intelligent UFLS schemes presented in [29] [30] [31] also showed that the amounts of loads being shed remain not optimal in certain cases. Over-shedding is caused by fixed priorities in the load shedding process. For this reason, Laghari et al. [24] proposed a new UFLS technique, which assumes some flexibility in load priority, making it possible to shed the optimal combination of loads with minimum error. The UFLS technique proposed in [24] is capable of restoring the system's frequency to its nominal value without overshooting/undershooting during the islanded distribution network. However, this technique suffers from long computational time, since all possible load combinations needs to be considered. For this reason, the authors chose only six random priority loads. For that purpose, the adaptive UFLS also needs another technique to select the loads that will be shed to realize an optimal load curtailment. For that, the FAPSO optimization is proposed to select the loads that should be shed which realized the optimum load shedding with a minimum number of iterations.
This paper focuses on planning and operation of load shedding in the islanded distribution network, which is based on the proposed FAPSO optimization. FAPSO optimization is used as an optimization tool for evaluating the planning optimal load shedding, meanwhile, the Stability Index (SI) is used in order to detect the buses that are most sensitive to voltage collapse in any operating point in the distribution system. It is suggested that SI is applied on combines weighted objectives into a single objective function with the amount of Megawatt (MW) for remaining load in the system. Moreover, the proposed FAPSO optimization method has been compared under islanded distribution network with PSO, FA, Evolutionary Programming (EP) and Gravitational Search Algorithm (GSA). The main goal of comparison is to determine the best algorithm for applying load shedding scheme. This determination performs by measuring the accuracy of the final solution and convergence speed for maximizing load remaining and improving the lowest Stability Index (SI) value. On the other hand, the FAPSO optimization is also used in UFLS scheme in order to select appropriate buses for load shedding. This selection is performed based on achieving the minimum error between the sum of the best combination loads to be shed and the total amount of required load shedding. To assess the capabilities of the proposed method, simulations were carried out using Matlab software on an IEEE 33-bus radial distribution system and PSCAD software on part of the Malaysian distribution network with different types of DGs by considering various scenarios.
This paper is organized in the following manner: Section 2 details the proposed optimal load shedding planning. Section 3 details the proposed UFLS scheme using FAPSO algorithm. Section 4 will discuss modelling of IEEE 33-bus radial distribution network and determine the types, locations, and amount of DGs in the test system and load profile used in the test system. Section 5 presents the simulation results and discusses the proposed FAPSO based on planning load shedding scheme and its comparison with FA, PSO, EP and GSA algorithms. Section 6 presents real test system to verify the proposed UFLS scheme. Section 7 presents and discusses the simulation results of proposed UFLS scheme and compare it with other schemes. The conclusions of the work will be detailed in Section 8. 
Optimal Load Shedding Planning
This section presents the tools that used in optimal load shedding planning in order to maximize remaining loads and improve voltage profile within acceptable limits.
Voltage Stability Index
This section describes voltage stability index formulation, referred to as the SI, which is suitable for a distribution network and used in the load shedding scheme. SI was proposed in [32] to determine the weakest bus in a network that could lead to voltage instability when the load increases. To understand the SI, Figure 1 shows two buses in a power system model and its parameters. The line VSIs indicates the status of stability at the end of the line (received bus). Meanwhile, the bus VSIs indicates the status of bus stability. Due to the fact that SI can be utilized to evaluate the critical loads in an islanded system, SI can be included in the optimization problem of load shedding schemes. Therefore, this research integrates the SI in the planning load shedding scheme in order to affect a more reliable solution.
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where SI is the voltage stability index; Vi is the sending bus voltage in pu; Pj and Qj are the active and reactive load at the receiving end in pu, respectively; Rij and Xij are the resistance and reactance of the line i-j in pu.
In order to realize a more stable radial distribution networks, the value of SI should be closer to one for all buses. When the SI value reaches zero, it indicates the voltage collapses in the bus carring this value [32] [33] [34] . Therefore, to avoid the possibility of voltage collapse; the SI of all nodes should be maximized. In the proposed algorithm, SI values will be calculated for each bus in the network and sorted from the lowest to the highest values. The bus with the lowest value of SI will be considered in the fitness function.
Proposed Load Shedding Scheme
Formulation of Objective Function
In this study, the optimization aims to maximize both the sum of load remaining after the load shedding process and the voltage profile of distribution network. For achieving a good fitness value of the objective function for this paper, a combining weighted objectives into a single objective method of has been chosen. This means, the two objectives can be virtually separated, by giving each of them its specific weight in the optimization process. In order to realize that, the objective function (f) needs to be formulated to minimize objective function one (f1) and objective function two (f2) in the following manner:
where: The symbols seen in Figure 1 are: V i , V j : voltage magnitude at the sending (i) and receiving (j) buses, respectively. P i , Q i : active and reactive power at the sending bus. P j , Q j : active and reactive power at the receiving bus. δ i , δ j : voltage angle at the bus i and bus j, respectively. Y: line shunt admittance. R, X, θ: line resistance, line reactance and line impedance angle. The line impedance amplitude is Z. The shunt admittances Y are neglected for simplicity.
The value of the index is given by:
where SI is the voltage stability index; V i is the sending bus voltage in pu; P j and Q j are the active and reactive load at the receiving end in pu, respectively; R ij and X ij are the resistance and reactance of the line i-j in pu.
Proposed Load Shedding Scheme
Formulation of Objective Function
In this study, the optimization aims to maximize both the sum of load remaining after the load shedding process and the voltage profile of distribution network. For achieving a good fitness value of the objective function for this paper, a combining weighted objectives into a single objective method of has been chosen. This means, the two objectives can be virtually separated, by giving each of them its specific weight in the optimization process. In order to realize that, the objective function (f )
needs to be formulated to minimize objective function one (f 1 ) and objective function two (f 2 ) in the following manner:
where:
where w 1 and w 2 are fixed positive weight values, w 1 is chosen is in the range of [0, 1], and it used in the optimization algorithm to minimize the objective function of and determine the priority of two terms f 1 and f 2 . T represents the load bus number. L represents the number of the load buses in the distribution network. A is a reference value to make f 1 unit-less value to be able to add to the f 2 term, and this value is equal to 1 MW in this study. P remain represents the remaining loads after load shedding process for each bus. SI system represents the lowest value of SI from all values of SI for load buses. The lowest value of SI refers to the weakest bus in the distribution network. This value is selected to improve all the voltage buses in distribution network within allowable limits during a load shedding process. In order to select the appropriate weightage values in Equation (2), a searching process is performed by changing the value w 1 from 0 to 1 with a step size of 0.1. This is done to determine the importance of each weightage set (w set ) towards the objective function. To assess the performance of each weightage set, the Least Average Value (LAV) is formulated to be a performance index. The LAV is calculated by:
where w set,α represent f 1 and f 2 values at weightage set α (where α = 1, 2, . . . , 11). f 1,overall and f 2,overall represent the overall f 1 and f 2 values. The performance index based on LAV (η LAV ) is expressed as:
It should be pointed out, the aim of the η LAV is estimating the least point which represents the minimum value of both objective functions (f 1 and f 2 ) simultaneously. Therefore, by determination the largest value of η LAV , proper weightage values can be determined, leading to the maximum remaining load in the distribution network with high value of SI, simultaneously.
Constraints
Equality/inequality constraints that should be fulfilled for the load shedding are:
(A) The equality in power flow The total power generated by DGs should be equal to the total load and total loss in the network after load shedding: where P DG and Q DG are the active and reactive powers generated from the DG, respectively. Ω represents the DG number. D represents the total numbers of the DG units in the distribution network. P Load and Q Load are active and reactive loads in the distribution network after load shedding optimization for each bus, respectively. T represents the load bus number. L represents the total numbers of load buses in the distribution network. P Loss and Q Loss are the total active and total reactive losses in the distribution network after load shedding optimization, respectively.
(B) Limitations of bus voltage
The voltage magnitudes at all buses after load shedding should be within permissible limits, as shown below:
where V i is a voltage for i bus, and V i,min , and V i,max range between ±10% of its nominal value, respectively.
(C) Limitations on the amount of load shed at each bus
The allowable amount of load shedding for any selected load bus should be in limited priority value. In other words, the minimum value of load remaining after load shedding at each bus is not less than the set value, as follows:
where S i,priority is the minimum amount of load power that must be maintained for load bus number i. S i,after_shedding and S i,before_shedding represent the load power after and before applying load shedding process, respectively.
(D) The boundary of the output power of DG After islanding is formed, the DGs should work at the maximum output power (P DG,max ) to compensate a part of the shortage power in the distribution network. The limit of generator power (P DG ) is given as:
Load Shedding Optimization Algorithm
The proposed strategy uses the power flow analysis to achieve the optimal load shedding with improving the voltage profile. This work solves the optimal load-shedding problem using the hybrid FA and PSO (FAPSO) technique and compares its' results with each of FA, PSO, EP and GSA algorithms. A detailed description of the FA, PSO and proposed algorithms are presented in the following section, while EP algorithm was described in detail in [35, 36] and GSA algorithm was detailed in [37] .
FA is a recent nature-inspired meta-heuristic optimization method. This algorithm was designed by Yang in 2007 as mentioned in [38] . Fireflies are small insects, which are capable of producing light to attract other fireflies. They release light flashes as a signal system. There is an inverse relationship between light intensity attraction 'I' of fireflies and the distance 'r'. Hence, most fireflies are visible only up to several hundred meters. To execute this algorithm, the fitness function is articulated based on the fluorescence light behaviour of fireflies. For simplicity, it is imagined that light intensity attractiveness of firefly is determined by its brightness 'I', which is in turn connected to the fitness function. The main feature of FA is based on the flashing characteristics of the firefly [39] . The brightness 'I' of a firefly can be selected as I r proportional to the fitness for a maximization problem. So, the I r varies according to the well-known inverse square law as shown in Equation (13):
where I s is the intensity at the source r When the brightness 'I' of a firefly increased, the fireflies' attractiveness, β, will increase, and vice versa. Thus, the attractiveness of the fireflies is strongly proportional to their brightness. Fireflies attractiveness, β, can be defined as:
where β 0 is the attractiveness at r = 0; γ is the coefficient of the light absorption; r is the distance between any two fireflies y and z at firefly (f y ) and firefly (f z ), respectively.
The Cartesian distance can be expressed as follows:
where, f y,k . f z,k are the kth component of the spatial coordinate f y and f z of the kth firefly, respectively. d is the dimensionality of the problem. The movement of fireflies, where new firefly y,k ( f t+1 y,k ) is attracted to previous firefly z,k ( f t z,k ) is determined by:
where the second term is caused by the attraction, while the third term, governed by the randomization parameter α, is responsible for the insertion of certain randomness in the path followed by the firefly, and rand is a random number between 0 and 1.
(B) Particle Swarm Optimization (PSO)
PSO is another meta-heuristic method used by most researchers for the optimization problem. It was originally proposed by Eberhart and Kennedy in 1995 [40] . The major principle of PSO is created according to the behaviour of birds or fish searching for food. The advantage of using PSO over other optimization techniques is its simplicity and the fact that it requires very little adjustment to a few set parameters. Due to this fact, PSO has been widely used in a variety of applications.
Let a number of k particles in a swarm be initialized with positions x t k = (x t 1 , x t 2 , x t 3 , ..., x t k ) and velocities v t k = (x t 1 , x t 2 , x t 3 , ..., x t k ), and the fitness is calculated based on particle positional coordinates as the input values. Then, the particles are moved into new positions using the equations below:
where, x t k and x t+1 k are the current position of the particle k at iteration t and t + 1, respectively; v t k and v t+1 k are the current velocity of the particle k at iteration t and t + 1, respectively; c 1 and c 2 are the weighting factors; r 1 and r 2 are a random number between 0 and 1; w max and w min are the maximum and the minimum weight of the initial, respectively; iter and iter max are the current iteration number and the maximum iteration number, respectively. Each particle updates its position and velocity based on its own searching experience called P best , and on the experience from the other particle called G best . In this method, the capability of the FA is integrated with the PSO to increase its chance for not being trapped in a local solution and increase speed convergence. The FAPSO share similar procedures to that of the FA. However, the movement of fireflies in FAPSO is modified, where new firefly ( f t+1 y,k ) is randomly mutated by: Figure 2 illustrates the flowchart for the implementation of FAPSO method.
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Procedure
The implementation of FAPSO algorithm to optimal load shedding problem can be shown in Figure 3 . In the proposed method, the light intensity attraction step of each particle is mutated by a modified mutation function in the FAPSO operator. For that, each particle is randomly attracted towards the G best position in the same population. Local search in different regions is implemented by the attractiveness step of the FA algorithm. The FAPSO algorithm outperforms the FA and PSO algorithms in solving the optimization problems by using the flashing behaviour of fireflies.
The implementation of FAPSO algorithm to optimal load shedding problem can be shown in Figure 3 . Collecting input data such as bus data and line data. In addition, the number of load buses available to shed and the limits of load amount that is allowed to be shed
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Run the power flow program and calculate SI at all buses. Rank load bus in descending order, and select the buses with the nearest value of SI to its critical value as weak bus to perform load shedding process. Then, evaluate the fitness of each firefly using Equation (2) .
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Iter.=Iter.+1
Stop the calculations and print the results.
Iter. < Max.Iter.?
Run the power flow program and calculate SI at all buses. Rank load bus in descending order, and select the buses with the nearest value of SI to its critical value as weak bus to perform load shedding process. Then, evaluate the fitness of each firefly using Equation (2). 
Proposed UFLS Scheme Using FAPSO Algorithm
The UFLS scheme will only activate its process when it receives a tripping signal from an incoming grid substation breaker, indicating the formation of islanding. The amount of power deficit as a result of the formation of islanding is equal to power incoming grid to the distribution network. On the other hand, the amount of power deficit during islanding is calculated based on the rate of change of frequency (ROCOF). It is worth mentioning that the frequency of the centre of inertia (COI) is considered in UFLS scheme whenever there is more than one generator in the islanded distribution network. The center of inertia frequency, in Hertz, can be determined using Equation (21):
where N is the number of connected generators; Hi is the inertia constant of each generator in seconds; fi is the frequency of each generator in Hertz. In this study, the value of 47.5 Hz and 52.5 Hz are the limitations of system frequency. It should also be pointed out that the protection devices are immediately activated to disconnect all DGs, when the value of system frequency declines under 47.5 Hz or exceeds over 52.5 Hz, which results in a blackout.
In order to minimize the amount of load to be shed, the spinning reserve of the system can be used. It should be pointed out that the spinning reserve of the system relies on the generators' 
where N is the number of connected generators; H i is the inertia constant of each generator in seconds; f i is the frequency of each generator in Hertz. In this study, the value of 47.5 Hz and 52.5 Hz are the limitations of system frequency. It should also be pointed out that the protection devices are immediately activated to disconnect all DGs, when the value of system frequency declines under 47.5 Hz or exceeds over 52.5 Hz, which results in a blackout. In order to minimize the amount of load to be shed, the spinning reserve of the system can be used. It should be pointed out that the spinning reserve of the system relies on the generators' capacity. The value of the total spinning reserve (TSR) of the system can be determined using Equation (22):
where N is the number of connected generators; MGC i is the maximum generation capacity of ith generator; AGP i is the actual generated power of ith generator. When the load shedding controller senses any imbalance between the generated and demanded active power in the system during islanding mode, it calculates the power deficit in the system in two different strategies:
(i) Event-based strategy-when one or more of generator supply like Renewable Energy Source (RES) are disconnected from distribution network and/or the decreasing in output power generated by RESs (such as wind turbine and Photovoltaic). (ii) Response based strategy-when suddenly load increased in the islanded distribution network.
In the first strategy, it is estimated the power deficit by detecting the status of generator breaker and recording the last generated power output before the outage as illustrates in Equation (23):
where P deficit is the imbalance power during islanding mode (including power loss), per-unit,
P disconnected Source is the sum of output power for tripped generators, per unit, and M is the number of trip generators. It can be noted from the last equation, the estimated power deficit that resulted from tripping generator equals to the total loss of generated power in the system. To calculate the power deficit for RESs can be used Equation (24):
where P RES,0 is the total output power generated by RESs at the source of RESs change event (like wind speed or sun radiation); and P RES is the total output power generated by RESs at 0.01 ms after the source of RESs change event.
The second strategy is based on the df COI /dt. When there is a change in the rate of frequency caused by load increment event, the power deficit can be calculated based on a power swing equation:
where P deficit is the imbalance power during islanding mode per-unit; df COI /dt is the rate of change of center of inertia frequency at first disturbance in the system, Hz/s; H i the inertia constant of ith connected generator; N is the number of connected generators; f n is the rated value of frequency, Hz.
The primary frequency control of DGs is activated when the center of inertia frequency reached 49.8 Hz to enhance the reduction in the declination in the frequency of the system [41] . This value can be adjusted according to the needs of the protection. To get better system frequency response and restore the frequency to its referenced value, the proper amount of load that should be shed from the system can be determined based on the following equation:
where TLSA is the total load shed amount. After the controller determines the amount of loads that can be shed from the system, the next step is finding the best combination of load buses that are to be disconnected from the network. The problem of determining the optimal combination of load shedding selections was solved using FAPSO technique. Steps pertaining to this method is detailed below:
Step 1: determine the input data, such as the amount of load to be shed, FAPSO parameters such as weighting factors, and the number of fireflies.
Step 2: Generate an array of random fireflies (combination of load to be removed). Each firefly presents the combinations of random load buses to be shed that fulfil the preset limit.
Step 3: Evaluate the fitness value for each firefly using the fitness function:
Step 4: Update the population based on FAPSO Equations (13)- (15) and (20) .
Step 5: The same process is repeated until the maximum number of iteration is achieved or the optimal, or near optimal solution that has the minimum error as per the following equation is found:
Step 6: Select the optimal load combination that has a minimum absolute error. After that, the breakers are activated to disconnect the loads that were decided by the load shedding controller. The operation time of load shedding process includes the FAPSO calculation, communication, and Circuit Breaker (CB) operation time is assumed to be 200 ms [42] . To achieve high speed in transmitting the signals control and data for the load shedding scheme, the mediums used in the communication links must have a reliable high-speed connection, such as fiber optics [12] .
Test System for Planning Load Shedding
The test system is a modified IEEE 33 bus radial distribution network with the addition of three DG units. The basic system data is taken from [43] . The main grid feeds 33 load buses and 32 branches via bus number one in distribution network. The rating voltage is 12.66 KV at 50 Hz, and the total load capacity is 3.715 MW and 2.29 MVAR real and reactive power, respectively. The three DGs consist of two constant power generator (mini-hydro power generator) and one variable power generator (Photovoltaic systems (PV)). Table 1 provides the location of DGs and the active power rating for each DG at maximum power rating. The location of the DG is arbitrary, and it can be at any location in the system. Figure 4 depicts the test system. Step 1: determine the input data, such as the amount of load to be shed, FAPSO parameters such as weighting factors, and the number of fireflies.
The test system is a modified IEEE 33 bus radial distribution network with the addition of three DG units. The basic system data is taken from [43] . The main grid feeds 33 load buses and 32 branches via bus number one in distribution network. The rating voltage is 12.66 KV at 50 Hz, and the total load capacity is 3.715 MW and 2.29 MVAR real and reactive power, respectively. The three DGs consist of two constant power generator (mini-hydro power generator) and one variable power generator (Photovoltaic systems (PV)). Table 1 provides the location of DGs and the active power rating for each DG at maximum power rating. The location of the DG is arbitrary, and it can be at any location in the system. Figure 4 depicts Figures 5 and 6 show the hourly Photovoltaic systems (PV) power generated in kW and hourly load profile levels in pu. The load priority percentage is also shown in Table 2 by listing the percentages of minimum power that should be connected to the distribution network at each bus. 2  33  19  61  3  24  20  54  4  62  21  21  5  17  22  49  6  44  23  5  7  36  24  17  8  22  25  11  9  7  26  60  10  20  27  21  11  0  28  25  12  53  29  16  13  10  30  54  14  48  31  23  15  59  32  32  16  62  33  4  17  38  --18 33 --
Simulation Results and Discussion of the Planning Load Shedding Scheme
In order to analyze the performance of the proposed method (FAPSO) against the PSO, FA, EP and GSA, all algorithms are implemented for load shedding. Table 3 shows the parameters for each algorithm. The load priority percentage is also shown in Table 2 by listing the percentages of minimum power that should be connected to the distribution network at each bus. 2  33  19  61  3  24  20  54  4  62  21  21  5  17  22  49  6  44  23  5  7  36  24  17  8  22  25  11  9  7  26  60  10  20  27  21  11  0  28  25  12  53  29  16  13  10  30  54  14  48  31  23  15  59  32  32  16  62  33  4  17  38  --18 33 --
In order to analyze the performance of the proposed method (FAPSO) against the PSO, FA, EP and GSA, all algorithms are implemented for load shedding. Table 3 shows the parameters for each algorithm. For the values of population size and maximum iteration, there is no absolute way to determine them. However, from many simulations with different values, the current values for population size and maximum iteration was selected by try and error approach. Meanwhile, the parametric values used for the algorithms in the load shedding process was selected based on [44] [45] [46] .
The simulation is used to demonstrate the performance of the FAPSO optimization. In this case, the proposed load shedding scheme is tested by considering the location and load priority limit. The limit, in this case, refers to the minimum percentage of load amount that should remain at a particular value after the load shedding process. The values are shown in Table 2 .
A proposed load shedding scheme based on FAPSO is applied on a test system to maximize remaining load and improve voltage stability index. The fitness value is evaluated by using the Equation (2) . The weightage set is varied in the range of 0 to 0.1 with a step size of 0.1. Based on the highest η LAV value observed in Table 4 , the weightage set of w 1 = 0.8 and w 2 = 0.2 is chosen as the best combination. The values of the objective function were used to determine the light intensities of fireflies. The ranking of fireflies was utilized to determine and record the best firefly in the current generation. After many iterations, it can be noticed that the fireflies begin to report better fitness value. The fitness values can be computed by Equations (2)-(4). Meanwhile, the fireflies can be updated using Equation (20) . The process is repeated until the stopping criteria are meet (number of iteration reaches to maximum number of iterations). FAPSO is controlled by four parameters: the randomization parameter (α), the attractiveness (β 0 ), weighting factor c1 and the absorption coefficient (γ). These parameters need to be set within 0-1. Moreover, in order to realize the satisfactory implementation of the algorithm with less computational time, a suitable number of fireflies and maximum generation need to be determined. In this study, a set of experiments was carried out on the algorithm to do so. The tuned control parameters are tabulated in Table 3 . The proposed algorithm was evaluated using the MATLAB (R2015a) environment on a 3.07 GHz CPU equipped with 8 GB RAM. The optimization was repeated 100 times, and the best final solution was selected as the final load remaining for each bus in the distribution networks.
In this case, the islanded system is formed when the main switch is opened as shown in Figure 4 . Figure 7 shows the hourly power of the total load demand, total power generation from DGs, and grid for 24 h in grid connection mode. The figure demonstrates that the power imbalance between the load demand and power supply from DGs is huge, that is around 48-61% of the power generation curve to maximum daily load curve. When islanding is formed, load shedding needs to balance the generation and load demand to cater for the huge imbalance of power. In this case, the islanded system is formed when the main switch is opened as shown in Figure 4 . Figure 7 shows the hourly power of the total load demand, total power generation from DGs, and grid for 24 h in grid connection mode. The figure demonstrates that the power imbalance between the load demand and power supply from DGs is huge, that is around 48-61% of the power generation curve to maximum daily load curve. When islanding is formed, load shedding needs to balance the generation and load demand to cater for the huge imbalance of power. Since islanded could occur at any time, the proposed FAPSO for load shedding is tested every hour to analyze its overall performance in determining optimal load shedding. Figure 8 illustrates the amount of load and power from DGs as a result of load shedding if it occurs at any hour (within 24 h). It can be seen that the amount of the remaining load after the load shedding process nearly matches the amount of power being supplied. This shows that that the proposed load-shedding technique based on the FAPSO optimization has the ability to identify the minimum amount of load to be curtailed without removing extra load from the network. It can also be observed that the proposed load-shedding technique based on FAPSO optimization realized the load priority limit requirement.
The load shedding result at time 15:00 is taken as an example to detail the performance of the proposed load shedding. At this time, the maximum load demand is 3.715 MW, as shown in Figure  7 . However, the total power production at this hour is only 2.0764 MW, and the power deficit is around 44%. Thus, 44% of the load must be shed from the distribution network to prevent the system Since islanded could occur at any time, the proposed FAPSO for load shedding is tested every hour to analyze its overall performance in determining optimal load shedding. Figure 8 illustrates the amount of load and power from DGs as a result of load shedding if it occurs at any hour (within 24 h). In this case, the islanded system is formed when the main switch is opened as shown in Figure 4 . Figure 7 shows the hourly power of the total load demand, total power generation from DGs, and grid for 24 h in grid connection mode. The figure demonstrates that the power imbalance between the load demand and power supply from DGs is huge, that is around 48-61% of the power generation curve to maximum daily load curve. When islanding is formed, load shedding needs to balance the generation and load demand to cater for the huge imbalance of power. Since islanded could occur at any time, the proposed FAPSO for load shedding is tested every hour to analyze its overall performance in determining optimal load shedding. Figure 8 illustrates the amount of load and power from DGs as a result of load shedding if it occurs at any hour (within 24 h). It can be seen that the amount of the remaining load after the load shedding process nearly matches the amount of power being supplied. This shows that that the proposed load-shedding technique based on the FAPSO optimization has the ability to identify the minimum amount of load to be curtailed without removing extra load from the network. It can also be observed that the proposed load-shedding technique based on FAPSO optimization realized the load priority limit requirement.
The load shedding result at time 15:00 is taken as an example to detail the performance of the proposed load shedding. At this time, the maximum load demand is 3.715 MW, as shown in Figure  7 . However, the total power production at this hour is only 2.0764 MW, and the power deficit is around 44%. Thus, 44% of the load must be shed from the distribution network to prevent the system 4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 It can be seen that the amount of the remaining load after the load shedding process nearly matches the amount of power being supplied. This shows that that the proposed load-shedding technique based on the FAPSO optimization has the ability to identify the minimum amount of load to be curtailed without removing extra load from the network. It can also be observed that the proposed load-shedding technique based on FAPSO optimization realized the load priority limit requirement.
The load shedding result at time 15:00 is taken as an example to detail the performance of the proposed load shedding. At this time, the maximum load demand is 3.715 MW, as shown in Figure 7 . However, the total power production at this hour is only 2.0764 MW, and the power deficit is around 44%. Thus, 44% of the load must be shed from the distribution network to prevent the system from collapse. After applying the proposed load shedding scheme, 1.6387 MW is removed, thus, the total remaining load is only 2.0763 MW, which closely matches the DGs power output.
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The purpose of this test is to validate the FAPSO algorithm in the proposed load-shedding technique and comparing its performance with all of FA, PSO, EP and GSA optimizations. For this study, the same time i.e., at time 15:00, is further analyzed for FA, PSO, EP and GSA optimizations. The voltage profile of the system before and when islanding occurs at time 15:00 is shown in Figure 11a . It can be clearly seen that islanding caused the overall voltage profile to decrease. However, when load shedding is applied using FAPSO, FA, PSO, EP and GSA optimizations at time 15:00, it can be seen that the voltage profiles after load shedding are all within the allowable limit, as per Figure 11b . It was also noted that minimum values of voltage profiles obtained using FA, PSO, EP and GSA optimizations are higher than the minimum value obtained using FAPSO. This took place due to the amount of loads that remaining in the distribution system using FAPSO optimization is larger than the others optimization techniques and the different amounts of load shed at particular buses. However, differences are regarded to be small. The purpose of this test is to validate the FAPSO algorithm in the proposed load-shedding technique and comparing its performance with all of FA, PSO, EP and GSA optimizations. For this study, the same time i.e., at time 15:00, is further analyzed for FA, PSO, EP and GSA optimizations. The voltage profile of the system before and when islanding occurs at time 15:00 is shown in Figure 11a . It can be clearly seen that islanding caused the overall voltage profile to decrease. However, when load shedding is applied using FAPSO, FA, PSO, EP and GSA optimizations at time 15:00, it can be seen that the voltage profiles after load shedding are all within the allowable limit, as per Figure 11b . It was also noted that minimum values of voltage profiles obtained using FA, PSO, EP and GSA optimizations are higher than the minimum value obtained using FAPSO. This took place due to the amount of loads that remaining in the distribution system using FAPSO optimization is larger than the others optimization techniques and the different amounts of load shed at particular buses. However, differences are regarded to be small. After applying the load shedding technique based on both of FA, PSO, EP and GSA optimizations, the total remaining load suggested by FA, PSO, EP and GSA optimizations are 2.0643 MW 2.0649 MW, 1.61 MW and 2.0594 MW, respectively. These values are less than the amount determined by the FAPSO technique (2.0763 MW), which proves that the FAPSO is better than FA, PSO, EP and GSA algorithms in finding the optimal amount of remaining load, considering that the main objective of this study is to maximize the amount of load remaining without removing important loads from the system. The overall result of load shedding for all of the optimization methods is shown in Figure 12 for all buses. It can be seen that FA, PSO, EP and GSA shed more loads 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 After applying the load shedding technique based on both of FA, PSO, EP and GSA optimizations, the total remaining load suggested by FA, PSO, EP and GSA optimizations are 2.0643 MW 2.0649 MW, 1.61 MW and 2.0594 MW, respectively. These values are less than the amount determined by the FAPSO technique (2.0763 MW), which proves that the FAPSO is better than FA, PSO, EP and GSA algorithms in finding the optimal amount of remaining load, considering that the main objective of this study is to maximize the amount of load remaining without removing important loads from the system. The overall result of load shedding for all of the optimization methods is shown in Figure 12 for all buses. It can be seen that FA, PSO, EP and GSA shed more loads than FAPSO in the islanded system, where the percentage of total shed related to maximum acceptable shed value in the system are 63.16%, 63.14%, 80.55%, 63.35% and 62.70%, respectively. The results in Figure 12 prove that the FAPSO technique has the ability to remain loads without curtailment more than other techniques and this concurs with the objective of planning load shedding scheme.
than FAPSO in the islanded system, where the percentage of total shed related to maximum acceptable shed value in the system are 63.16%, 63.14%, 80.55%, 63.35% and 62.70%, respectively. The results in Figure 12 prove that the FAPSO technique has the ability to remain loads without curtailment more than other techniques and this concurs with the objective of planning load shedding scheme. Finally, Table 5 tabulates the summary of the comparison between the proposed load shedding based on the FAPSO optimization with each of FA, PSO, GSA, EP optimization. It can be seen from Table 5 that the load curtailment value done on the FAPSO optimization is the lowest value that keeps the voltage profile within the allowed limits. The experimental results have been analyzed in 100 runs and the average fitness value, the best solution, and standard deviation of each of FA, PSO, GSA, EP and proposed algorithms are listed in Table 6 . It can be seen that FAPSO outperforms the rest in terms of average fitness, the best solution, and standard deviation values. Therefore, these observations confirm that FAPSO shows bettersearching performance with high precision. Table 6 also reveals the averaged running time (in seconds) of each of FA, PSO, GSA, EP and proposed algorithm on load shedding scheme in 100 runs. It can be noticed, the GSA is the faster algorithm to finish 300 iterations to find the final solution. However, it is of interest to note from Figure 9 that the proposed algorithm converges very fast as compared to FA, PSO, GSA and EP algorithms for load shedding scheme in the studied case. This is mean that the proposed algorithm can reach to the best solution in less time when compared with the other algorithms. Therefore, it confirms that FAPSO has efficient computational time at reaching the sub-optimal value. It is worth to mention, despite the computational time of GSA is faster than FAPSO, the important point in planning load shedding is achieving the best solution to apply the results to the system when needed. For that, the best solution is realized by FAPSO as shown in Table 6 . Finally, Table 5 tabulates the summary of the comparison between the proposed load shedding based on the FAPSO optimization with each of FA, PSO, GSA, EP optimization. It can be seen from Table 5 that the load curtailment value done on the FAPSO optimization is the lowest value that keeps the voltage profile within the allowed limits. The experimental results have been analyzed in 100 runs and the average fitness value, the best solution, and standard deviation of each of FA, PSO, GSA, EP and proposed algorithms are listed in Table 6 . It can be seen that FAPSO outperforms the rest in terms of average fitness, the best solution, and standard deviation values. Therefore, these observations confirm that FAPSO shows better-searching performance with high precision. Table 6 also reveals the averaged running time (in seconds) of each of FA, PSO, GSA, EP and proposed algorithm on load shedding scheme in 100 runs. It can be noticed, the GSA is the faster algorithm to finish 300 iterations to find the final solution. However, it is of interest to note from Figure 9 that the proposed algorithm converges very fast as compared to FA, PSO, GSA and EP algorithms for load shedding scheme in the studied case. This is mean that the proposed algorithm can reach to the best solution in less time when compared with the other algorithms. Therefore, it confirms that FAPSO has efficient computational time at reaching the sub-optimal value. It is worth to mention, despite the computational time of GSA is faster than FAPSO, the important point in planning load shedding is achieving the best solution to apply the results to the system when needed. For that, the best solution is realized by FAPSO as shown in Table 6 . 
Test System for Proposed UFLS Scheme
The test system considered in this research is a part of the Malaysian distribution network shown in Figure 13 . The test system consists of two mini-hydro DGs operated at a voltage level of 3.3 kV, each DG rated 2 MVA capacity (maximum power dispatch is 1.8 MW). The distribution network also consists of four PV generation units. As shown in Figure 13 , four units of solar PV were connected with the network to work each rated 0.55 MWP. Two parallel units of solar PV plants were connected to 2 MVA step-up transformer (0.4 KV/11 kV); the total load demand of the distribution network is 6 MW, 2 Var. The mini-hydro units were connected to the distribution network using two step-up transformers (3.3 kV-11 kV). The distribution network with its DGs are modelled using the PSCAD/EMTDC software. The islanding operation is performed by opening the circuit breaker (BRKG) of Bus 2000. The modelling of the various components of the test system was explained in [47] . 
The test system considered in this research is a part of the Malaysian distribution network shown in Figure 13 . The test system consists of two mini-hydro DGs operated at a voltage level of 3.3 kV, each DG rated 2 MVA capacity (maximum power dispatch is 1.8 MW). The distribution network also consists of four PV generation units. As shown in Figure 13 , four units of solar PV were connected with the network to work each rated 0.55 MWP. Two parallel units of solar PV plants were connected to 2 MVA step-up transformer (0.4 KV/11 kV); the total load demand of the distribution network is 6 MW, 2 Var. The mini-hydro units were connected to the distribution network using two step-up transformers (3.3 kV-11 kV). The distribution network with its DGs are modelled using the PSCAD/EMTDC software. The islanding operation is performed by opening the circuit breaker (BRKG) of Bus 2000. The modelling of the various components of the test system was explained in [47] . Generally, commercial and industrial loads are considered more important than its residential counterpart. For that, the residential loads from (Load 1-Load 10) can be randomly selected, as shown Table 7 . The loads, with their priority rankings, are tabulated in Table 7 . Generally, commercial and industrial loads are considered more important than its residential counterpart. For that, the residential loads from (Load 1-Load 10) can be randomly selected, as shown Table 7 . The loads, with their priority rankings, are tabulated in Table 7 . The simulation results included in this section are divided into three case studies:
• The first case represents a comparative simulation study between, FA, PSO, GSA, EP, UFLS method proposed in [24] , and FAPSO in terms of execution time.
•
The second and third case study represent the simulation study of UFLS scheme for islanding case and adding extra load using FAPSO, FA, PSO, EP and GSA techniques, and UFLS method proposed in [24] .
Comparison Between Different Metaheuristic Techniques in Term of Execution Time
The determination of optimal amount of load that should be shed is not a critical factor towards the success of load shedding technique, but also, the execution time that needed to implement the load shedding process is an important issue, too. The islanded distribution network with high penetration of DGs-based on power electronics suffers from rapid frequency changes due to reducing inertia response in power system. Accordingly, the load shedding controller will have a short time to make a decision. This study aims to compare the execution time of different metaheuristic methods and determine the best approach. The PC used in this work has a core i7 3.07 GHz processor and 8 GB RAM. Table 8 shows the execution times of six load shedding methods for six trials. In this comparison, the number of population is 20 and the maximum iteration number is 400. It is worth to mention, the iteration stops when the Equation (28) is reached, or if it reached its max iteration. It can be seen in Table 8 that the average of six execution times of FAPSO method is 17% of PSO, 14% of FA, 68% of GSA, 63% of EP and 20% of FRPLS technique proposed in [24] . Therefore, the FAPSO method is the best for the proposed UFLS technique. In this case, the intentional islanding happened at t = 10 s when the solar radiation value is 800 W/m 2 . After disconnecting the main grid which fed the distribution network by (0.6 MW), the frequency system immediately starts to decline. Due to this, the spinning reserve power of the mini-hydro generators is released by (0.18 MW). Because the spinning reserve power is inadequate to compensate for power deficit, a load shedding technique needs to be activated to rebalance the power between generation and demand and keep the system frequency within allowable limits. Table 9 shows that all optimization techniques will shed the same amount of power (0.427 MW). However, Figure 14 shows that the FAPSO technique successes to restore the system frequency to its' nominal value with higher nadir frequency value. In fact, the large execution time of UFLS technique proposed in [24] is the main reason for less much of nadir frequency value. between generation and demand and keep the system frequency within allowable limits. Table 9 shows that all optimization techniques will shed the same amount of power (0.427 MW). However, Figure 14 shows that the FAPSO technique successes to restore the system frequency to its' nominal value with higher nadir frequency value. In fact, the large execution time of UFLS technique proposed in [24] is the main reason for less much of nadir frequency value. 
Load Increment of 0.9 MW
Immediately after islanding, the system frequency begins to decline in the response to an excess load of (0.113 MW). Accordingly, the mini-hydro generators use their spinning reserve (0.1 MW) to recover the unbalance of power. The UFLS controller will only be activated when the system frequency goes under 49.5 Hz. At 45 s, the total power demand will be 6.9 MW. Table 10 shows that all load shedding techniques will shed the same amount of power (0.897 MW). However, the frequency deviation for each technique is unequal due to the difference in execution time. The frequency responses of all UFLS controller are shown in Figure 15 . Immediately after islanding, the system frequency begins to decline in the response to an excess load of (0.113 MW). Accordingly, the mini-hydro generators use their spinning reserve (0.1 MW) to recover the unbalance of power. The UFLS controller will only be activated when the system frequency goes under 49.5 Hz. At 45 s, the total power demand will be 6.9 MW. Table 10 shows that all load shedding techniques will shed the same amount of power (0.897 MW). However, the frequency deviation for each technique is unequal due to the difference in execution time. The frequency responses of all UFLS controller are shown in Figure 15 . 
Conclusions
This work presents a hybrid FA-PSO based approach that aims to achieve an optimum load shedding scheme in an islanded distribution network. The proposed algorithm is suitable for planning load shedding schemes and UFLS schemes, because it utilizes the advantages of both the FA and PSO algorithms. The planning load shedding scheme based on FAPSO has been evaluated by solving a constrained optimization problem that aimed to simultaneously maximize the remaining loads of the islanded distribution network and keep the voltage profile within allowed limits in the islanding distribution network. The results of the proposed method in planning load shedding were compared with the FA, PSO, EP and GSA optimization techniques. This comparison showed that the proposed method performed well due to realizing the best maximum load remaining and improve voltage profile.
In practice, due to the growing penetration level of inverter-based DGs in distribution network, there is no total significant inertia and if a load-generation imbalance occurs, a fast frequency declination immediately takes place. To solve this problem, a quick UFLS scheme is needed to stop a system frequency declination and restore to its nominal value. Therefore, this paper also presented a new UFLS scheme that is suitable for islanding distribution networks. This UFLS scheme employs the application of hybrid FA-PSO algorithms to determine the optimal combination of loads that must to be removed from the distribution network with less execution time. The proposed UFLS scheme based on FAPSO was tested on the real distribution network. The results showed the proposed UFLS scheme is able to restore the systems' frequency to its nominal value without overshooting. The proposed UFLS scheme based on FAPSO algorithm was also compared with UFLS scheme based on FA, PSO, EP and GSA techniques, and UFLS method proposed in [24] in the context of execution time. It can be concluded from the result that proposed UFLS scheme based on FAPSO algorithm can induce a high-speed response with the ability to disconnect optimal loads from islanded distribution network in a real application. In the future work, it can be developed a cooperative operation between the proposed UFLS scheme with inertia and frequency control schemes of RES-DGs and energy storage systems (ESSs) in the islanded distribution network. This development intends to realize a 
In practice, due to the growing penetration level of inverter-based DGs in distribution network, there is no total significant inertia and if a load-generation imbalance occurs, a fast frequency declination immediately takes place. To solve this problem, a quick UFLS scheme is needed to stop a system frequency declination and restore to its nominal value. Therefore, this paper also presented a new UFLS scheme that is suitable for islanding distribution networks. This UFLS scheme employs the application of hybrid FA-PSO algorithms to determine the optimal combination of loads that must to be removed from the distribution network with less execution time. The proposed UFLS scheme based on FAPSO was tested on the real distribution network. The results showed the proposed UFLS scheme is able to restore the systems' frequency to its nominal value without overshooting. The proposed UFLS scheme based on FAPSO algorithm was also compared with UFLS scheme based on FA, PSO, EP and GSA techniques, and UFLS method proposed in [24] in the context of execution time. It can be concluded from the result that proposed UFLS scheme based on FAPSO algorithm can induce a high-speed response with the ability to disconnect optimal loads from islanded distribution network in a real application. In the future work, it can be developed a cooperative operation between the proposed UFLS scheme with inertia and frequency control schemes of RES-DGs and energy storage systems (ESSs) in the islanded distribution network. This development intends to realize a stable islanded distribution network and increase the local reliability from the viewpoint of loads/customers.
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